I. INTRODUCTION
L IGHTNING return-stroke models are needed in studying lightning effects on various objects and systems, and in characterizing the lightning electromagnetic environment. Rakov and Uman [1] , based on governing equations, have categorized return-stroke models into four classes: gas dynamic models [2] , electromagnetic (EM) models [3] , distributedcircuit models [4] , [5] , and "engineering" models [6] . Only EM models are considered in this paper. EM return-stroke models are relatively new, and in studying lightning electromagnetic interaction with various systems, they are the most rigorous models suitable for specifying the source. In these models, Maxwell's equations are solved to yield the distribution of current along the lightning channel using numerical techniques, such as the method of moments (MoM) [7] , [8] or the finite-difference method [9] . In contrast to distributed-circuit and engineering models, EM models allow a self-consistent fullwave solution for both the current distribution along the lightning channel and the associated EM fields. This class of models has attracted considerable attention during the last ten years or so (see recent reviews by Baba and Rakov [3] , [10] ). EM models have been reviewed in [3] with an emphasis on the lightning channel representation, excitation method, and numerical procedure for solving Maxwell's equations, and in [10] with an emphasis on their applications.
In this paper, we present vertical electric and azimuthal magnetic field waveforms predicted by different electromagnetic return-stroke models at different distances from the channel, calculated using the finite-difference time-domain (FDTD) method [9] in the 2-D cylindrical coordinate system, and compare model predictions with measurements. The influence on EM field waveforms of nonuniformly distributed channel resistance, which controls the variation of attenuation of current along the lightning channel, and lossy ground is also investigated. Note that for the same computer memory, the use of 2-D cylindrical FDTD method allows one to considerably increase the range of distances at which fields can be computed compared to the 3-D FDTD method.
II. REPRESENTATION OF THE LIGHTNING RETURN-STROKE CHANNEL IN ELECTROMAGNETIC MODELS
There are six types of channel representation used in electromagnetic models:
1) a perfectly conducting/resistive wire in air above ground [11] ; 2) a wire loaded by additional distributed series inductance in air above ground [12] ;
0018-9375/$26.00 © 2009 IEEE 3) a wire surrounded by a dielectric medium (other than air) that occupies the entire half space above ground (the artificial dielectric medium is used only for finding current distribution along the lightning channel, which is then removed for calculating EM fields in air) [13] ; 4) a wire coated by a dielectric material in air above ground [14] ; 5) a wire coated by a fictitious material having high relative permittivity and high relative permeability in air above ground [15] ; 6) two parallel wires having additional distributed shunt capacitance in air (this fictitious configuration is used only for finding current distribution, which is then applied to a vertical wire in air above ground for calculating electromagnetic fields) [16] . In the following, we will review the return-stroke speed and channel characteristic impedance corresponding to each of the six types of channel representation. The return-stroke speed, along with the current peak, largely determines the radiation field initial peak [17] , while the characteristic impedance of the lightning channel influences the magnitude of lightning current and/or the current reflection coefficient at the top of the strike object when a lumped voltage source is employed. It is desirable that:
1) typical values of return-stroke speed are in the range from c/3 to c/2 [18] , as observed using optical techniques, where c is the speed of light; 2) the equivalent impedance of the lightning return-stroke channel is expected to be in the range from 0.6 to 2.5 kΩ [19] . Type 1: The speed of the current wave propagating along a vertical, perfectly conducting/resistive wire is nearly equal to the speed of light, which is two to three times larger than typical measured values of return-stroke wavefront speed (c/3-c/2). This discrepancy is the main deficiency of type-1 models. The characteristic impedance of the channel-representing vertical wire of radius 3 cm is estimated to be around 0.6 kΩ at a height of 500 m above ground (it varies with height above ground). This is right at the lower bound of its expected range of variation (0.6-2.5 kΩ). Note that a current wave suffers attenuation (dispersion) as it propagates along a vertical wire even if it has no ohmic losses [20] . Further attenuation can be achieved by loading the wire by distributed series resistance.
Type 2: The speed of the current wave propagating along a vertical wire loaded by additional distributed series inductance of 17 and 6.3 µH/m in air is c/3 and c/2, respectively, if the natural inductance of vertical wire is assumed to be L 0 = 2.1 µH/m (as estimated by Rakov [21] ) for a 3-cmradius wire at a height of 500 m above ground). The corresponding characteristic impedance ranges from 1. 1/2 = 1.2 kΩ) for the speed ranging from c/3 to c/2. The characteristic impedance of the inductance-loaded wire is within the range of values of the expected equivalent impedance of the lightning return-stroke channel. Note that additional inductance has no physical meaning and is invoked only to reduce the speed of current wave propagating along the wire to a value lower than the speed of light. The use of this representation allows one to calculate both the distribution of current along the channel-representing wire and remote electromagnetic fields in a single, self-consistent procedure. Note that Bonyadi-Ram et al. [22] have recently incorporated additional distributed series inductance that increases with increasing height in order to simulate the optically observed reduction in return-stroke speed with increasing height [23] .
Type 3: For a vertical wire surrounded by a dielectric medium of relative permittivity greater than 1, occupying the entire half space above flat ground, the speed of the current wave is lower than c. When the relative permittivity is 9 or 4, the speed is c/3 or c/2, respectively. The corresponding characteristic impedance ranges from 0.2 to 0.3 kΩ (0.6 kΩ/ √ 9 = 0.2 kΩ, and 0.6 kΩ/ √ 4 = 0.3 kΩ) for the speed ranging from c/3 to c/2. These characteristic impedance values are smaller than the expected ones (0.6-2.5 kΩ). Moini et al. [13] used a relative permittivity value of 5.3 to set the wave propagation speed at 0.43c.
Type 4: Kato et al. [14] represented the lightning channel by a vertical, perfectly conducting wire, which had a radius of 1 cm and was placed along the axis of a 4-m-radius dielectric cylinder of relative permittivity 200. This dielectric cylinder was surrounded by air. The speed of the current wave propagating along the wire was about 0.7c. Such a representation allows one to calculate both the distribution of current along the wire and the remote electromagnetic fields in a single, selfconsistent procedure, while that of a vertical wire surrounded by an artificial dielectric medium occupying the entire half space (type 3 described before) requires two steps to achieve the same objective. However, the electromagnetic fields produced by a dielectric-coated wire in air (type 4) might be influenced by the presence of coating.
Type 5: Miyazaki and Ishii [15] represented the lightning channel by a vertical wire, which was placed along the axis of a cylindrical or parallelepiped-shaped block having high relative permittivity and high relative permeability (transverse dimensions of the block, and the values of relative permittivity and permeability were not given in [15] ). This structure was surrounded by air. The speed of the current wave propagating along the wire was about 0.5c. Similarly to type 4, this representation allows one to calculate both the distribution of current along the wire and the remote electromagnetic fields in a single, self-consistent procedure. For the same speed of current wave, the characteristic impedance value for this channel representation is higher than that for type 4, since both relative permittivity and permeability are set at higher values in type-5 model.
Type 6: The speed of the current wave propagating along two parallel wires having additional distributed shunt capacitance in air is 0.43c when the additional capacitance is 50 pF/m [16] . In this model, each of the wires has a radius of 2 cm, and the separation between the wires is 30 m. Similar to type 3 described before, type 6 employs a fictitious configuration for finding a reasonable distribution of current along the lightning channel, and then, this current distribution is applied to the actual configuration (vertical wire in air above ground). Type 6 is not further considered in this paper. 
III. CURRENT DISTRIBUTIONS FOR DIFFERENT ELECTROMAGNETIC MODELS
In this section, we present current distributions along a vertical channel above perfectly conducting ground excited at its bottom by a lumped current source that are predicted by the EM models of types 1-5, as described in Section II.
The five representations of a lightning channel excited at its bottom above flat, perfectly conducting ground, to be analyzed using the FDTD method in the 2-D cylindrical coordinate system, are illustrated in Fig. 1 . Fig. 1(a) shows a vertical, perfectly conducting wire in air (type 1). Fig. 1(b) shows a vertical wire in air loaded by additional distributed series inductance L = 2.5 µH/m and distributed series resistance R = 0.5 Ω/m (type 2). Note that the 0.5-Ω/m resistance is needed to stabilize highfrequency oscillations that appear when the 2.5-µH/m series distributed inductance is added. Distributed series resistance can also be used to control the attenuation of current wave propagating along the channel-representing wire. Fig. 1(c) shows a vertical, perfectly conducting wire embedded in a dielectric of ε r = 4, which occupies the entire half space (type 3). Fig. 1(d) shows a vertical, perfectly conducting wire embedded in a 10-m-radius dielectric cylinder of ε r = 400 surrounded by air (type 4). Fig. 1(e) shows a vertical wire embedded in a 10-m-radius cylinder of ε r = 5 and µ r = 5 surrounded by air (type 5). Although it is not expected for the vertical lightning channel to extend above 7.5 km, the length of the channelrepresenting wire is set to 30 km. This unrealistically long wire is employed to avoid effects of any reflections from the upper end of the channel in field waveforms during at least the first 100 µs (=30 km/v for v = c). Influence of channel length on model-predicted electric and magnetic fields will be discussed in Section IV. We will show that only distant (d = 50 km) fields are significantly influenced by channel sections above 7.5 km.
The lumped current source located at the bottom of each vertical wire shown in Fig. 1 has a length of 10 m (due to the cell size employed: height 10 m and width 5 m), and produces a current waveform having a peak of 11 kA, a 10%-90% rise time (RT) of 1 µs, and a time to half value of 30 µs (see the waveform labeled "z = 0" in Fig. 2 ). This channel-base current waveform is the same as the waveform, proposed by Nucci et al. [6] and thought to be typical for subsequent lightning return strokes, except for its rising portion (RT = 1 µs versus 0.15 µs in [6] ). The rise time RT = 1 µs is comparable to typical values observed for subsequent return strokes [24] . For the FDTD calculations, the vertical conducting wire is represented by a zero-radius wire placed at the left-side boundary (r = 0) in the working space of 65 km × 31 km, which is divided into 5 m × 10 m rectangular cells. When cells having a lateral side length of 5 m are used, the vertical (z-directed) zero-radius perfectly conducting wire placed at x = 0 has an equivalent radius of 0.675 m = 0.135 × 5 m [25] . The cell size (5 m × 10 m), and the current-source length (10 m) seem to be too large for calculating fields at 50 m (10 cells away from the source). However, we have verified that FDTD-calculated (for the same spatial discretization) field waveforms at a horizontal distance of 50 m for the engineering transmission-line model with v = c agree with the corresponding waveforms calculated using the exact analytical equation [26] (not shown in this paper). Liao's second-order absorbing boundaries [27] are set at the bottom, top, and rightside boundaries in order to avoid reflections there. The time increment is set to 10 ns. Fig. 2 shows FDTD-calculated distributions of current along the lightning return-stroke channel for the different representations shown in Fig. 1. Fig. 2(a) shows that the current wave propagates along the perfectly conducting wire in air at the speed of light (v = c). Fig. 2(b) shows that the current wave propagates along the conducting wire loaded by additional distributed series inductance L = 2.5 µH/m in air at speed v = 0.5c. Fig. 2(c) shows that the current wave propagates along the perfectly conducting wire surrounded by dielectric of ε r = 4 at speed v = 0.5c. Fig. 2(d) shows that the current wave propagates along the perfectly conducting wire embedded in the 10-m-radius dielectric cylinder of ε r = 400 surrounded by air at speed v = 0.7c. Fig. 2(e) shows that the current wave propagates along the conducting wire embedded in the 10-m-radius cylinder of ε r = 5 and µ r = 5 surrounded by air at speed v = 0.5c. Note that these speeds were calculated based on times needed for current waves to propagate from z = 0 to 2 km along a vertical wire, which were determined by tracking an intersection point between a straight line passing through 10%-90% points on the rising part of the current waveform and the time axis. In Fig. 2(b) , (c), and (e), parameters of channel representation were adjusted to achieve the same value of v = 0.5c.
It appears from Fig. 2(d) that in order to reduce the speed of the current wave propagating along a vertical wire having a dielectric coating (type 4), which is surrounded by air, to a value similar to the typical measured return-stroke speed [18] , the relative permittivity of the dielectric coating would need to be set to a very high value (much higher than in the case of dielectric half space). The current-wave propagation speed decreases with increasing thickness of the dielectric coating and with increasing its relative permittivity, but the dependence is weak [3] . The initial peak of the longitudinal current decays significantly owing to the presence of the dielectric coating having very high relative permittivity. It follows from comparison of Fig. 2(d) and Fig. 2(e) that increasing both the relative permittivity and relative permeability of the coating is more efficient in reducing the current-wave propagation speed than increasing the relative permittivity only. 
IV. COMPARISON OF MODEL-PREDICTED ELECTRIC AND MAGNETIC FIELDS WITH TYPICAL MEASUREMENTS
In this section, we compare vertical electric and azimuthal magnetic field waveforms, calculated using the FDTD method for different channel representations and channel-base current waveform expected for subsequent return strokes (RT = 1 µs), with typical measured electric and magnetic field waveforms due to natural lightning return strokes at distances d = 5 and 50 km and triggered lightning strokes at d = 50 m.
The following five features, as shown in Fig. 3 , have been identified in electric and magnetic field waveforms measured at distances ranging from 1 to 200 km from natural lightning return strokes [28] , and at tens to hundreds of meters from triggered lightning strokes [29] . These features have been used as benchmarks in testing the validity of various lightning returnstroke models [1] : 1) characteristic flattening of vertical electric field at tens to hundreds of meters within 15 µs or so of the beginning of return stroke; 2) sharp initial peak in both electric and magnetic field waveforms at a few kilometers and beyond; 3) slow ramp following the initial peak in electric field waveforms measured within few tens of kilometers; 4) hump following the initial peak in magnetic field waveforms measured within several tens of kilometers; 5) zero-crossing within tens of microseconds in both electric and magnetic field waveforms measured at 50-200 km. Fig. 4(a)-(c) shows vertical electric field waveforms at d = 50 m, 5 km, and 50 km, calculated using the FDTD method for different representations of the 30-km-long lightning returnstroke channels shown in Fig. 1 (types 1-5) . Fig. 4(d) shows FDTD-calculated waveforms of the azimuthal magnetic field at d = 5 km. Fig. 4(a) -(d) also shows waveforms calculated for the type-2 model and a shorter channel whose length is 7.5 km and whose upper end is connected directly to the absorbing boundary (no reflection). This 7.5-km-long channel has Fig. 1 (types 1-5) . Also shown are waveforms calculated for the type-2 model and a shorter channel whose length is 7.5 km and whose upper end is connected directly to the absorbing boundary.
the same current distribution below 7.5 km as the 30-km-long channel. It is, therefore, expected that comparison of fields calculated for these different channel lengths, 7.5 km and 30 km, will show the contribution of the unrealistic channel section above 7.5 km.
Feature 1) is reproduced by type-2 and type-5 models. Although the effect of the channel section above 7.5 km is discernible after about 70 µs in Fig. 4(a) (E z at d = 50 m) , it is not significant. Feature 2) is reproduced by all model types considered, except for type 4. Feature 3) is reproduced by type-2 and type-5 models. The effect of the channel section above 7.5 km is discernible after about 65 µs in Fig. 4(b) (E z at d = 5 km): the ramp becomes steeper for the 7.5-km-long channel. Feature 4) is not reproduced by any model considered [see Fig. 4(d) ]. The effect of the channel section above 7.5 km is discernible after about 65 µs in Fig. 4(d) (H ϕ at d = 5 km) : H ϕ becomes smaller after 65 µs for the 7.5-km-long channel. Feature 5) is not reproduced for channel length equal to 30 km by any model considered either. When the 7.5-km-long channel is employed, this feature is reproduced by the type-2 model around 50 µs [see Fig. 4(c) ]. Overall, it follows that fields predicted by type-2 and type-5 models better match experimental data than those predicted by any other model considered here. Note that the unrealistically long channel employed in this study influences distant (d = 50 km) electromagnetic field waveforms significantly.
V. MODIFICATION OF TYPE-2 AND TYPE-5 MODELS TO INCLUDE NONUNIFORMLY DISTRIBUTED CHANNEL RESISTANCE
It follows from the electromagnetic field calculations in the preceding section that no EM model with the input parameters considered can reproduce either feature 4), the hump of the magnetic field, or feature 5), the zero-crossing of the remote fields. Baba et al. [30] have shown, using their engineering return-stroke model, that significant attenuation within a few tens of meters of the return-stroke channel base is needed to reproduce feature 4), and appreciable attenuation along the upper part (above about 7 km) of the channel is needed to reproduce feature 5). Note that Thottappillil et al. [31] have shown that the traveling current source and Diendorfer-Uman models with a somewhat different channel-base current waveform whose time to half peak value is 20 µs reproduce features 2)-5). Further, Cooray et al. [32] have found that a horizontal section of the channel inside the cloud may be responsible for the observed zero-crossing in distant fields.
In this section, we calculate vertical electric and azimuthal magnetic field waveforms at d = 50 m, 5 km, and 50 km from the lightning channel using the most promising type-2 and type-5 models that are modified here to include nonuniformly distributed series resistance. The modified type-2 model has nonuniformly distributed series resistance: R = 2 Ω/m for z = 0-0. for z = 4 to 7.5 km, and 5 Ω/m for z > 7.5 km. The specified resistance profiles with relatively high resistance within the bottom 0.5 km appear to be consistent with observed light profiles along both natural subsequent return-stroke channels [33] and rocket-triggered lightning channels [34] , showing that the light intensity decays significantly with height near ground. The reason for assuming the relatively high channel resistance above 7.5 km is to diminish the current above 7.5 km. Calculations are also presented for the type-2 model and 7.5-km-long channel whose upper end is connected directly to the absorbing boundary, with the same resistance profile below height 7.5 km as for the 30-km-long channel. Fig. 1(b) and (e) but with nonuniformly distributed resistance. Also shown are waveforms calculated for the type-2 model with nonuniformly distributed resistance and 7.5-km-long channel whose upper end is connected directly to the absorbing boundary. In the preceding sections, ground was assumed to be perfectly conducting. In this section, we investigate the influence of finite ground conductivity on lightning-produced electromagnetic field waveforms. Fig. 7 illustrates the effect of lossy ground on vertical electric and azimuthal magnetic field waveforms calculated using the FDTD method for the type-2 representation of the lightning return-stroke channel (L = 2.5 µH/m and R = 0.5 Ω/m). Table I summarizes the initial peak and rise time of the vertical electric field at distances ranging from d = 50 m to 50 km for two values of ground conductivity, σ = 0.1 and 1 mS/m, relative to the case of σ = ∞. Note that the same lossy ground is considered both in calculating the channel current distribution and in computing fields. It is, however, common practice to independently set characteristics of ground in specifying current distribution and in computing fields [35] . Computed fields are presented for σ = ∞, 1 mS/m, or 0.1 mS/m, and the relative permittivity is set to r = 10. It follows from Fig. 7 and Table I that 
VII. SUMMARY
We have compared current distributions along a vertical lightning channel excited at its bottom by a lumped current source above flat ground and electromagnetic field waveforms at different distances, calculated for different lightning return-stroke electromagnetic models. The channel representations considered include a vertical, perfectly conducting wire surrounded by air (type 1), a vertical wire loaded by additional distributed series inductance L = 2.5 µH/m and distributed series resistance R = 0.5 Ω/m (type 2) in air, a vertical, perfectly conducting wire embedded in dielectric of ε r = 4 that occupies the entire half space (type 3), a vertical, perfectly conducting wire embedded in a 10-m-radius dielectric cylinder of ε r = 400 surrounded by air (type 4), and a vertical wire embedded in a 10-m-radius cylinder of ε r = 5 and µ r = 5 surrounded by air (type 5). For the type-1 representation, the speed of a current wave propagating along the vertical lightning channel is essentially equal to the speed of light v = c. For type-2, type-3, and type-5 representations, v = 0.5c, and for the type-4 representation, v = 0.7c.
Models of types 2 and 5 reproduce the maximum number of characteristic features of electric and magnetic field waveforms measured at distances ranging from 1 to 200 km from natural lightning and at distances of tens to hundreds of meters from rocket-triggered lightning. Modifications of type-2 and type-5 models with height-varying distributed resistance (relatively high within the bottom 0.5 km and beyond 7.5 km above ground) can reproduce all of the five features.
The influence of ground conductivity as low as 0.1 mS/m on vertical electric and azimuthal magnetic fields within about d = 5 km is not significant. The initial peak of the vertical electric field at d = 50 km for σ = 0.1 mS/m is 20% smaller than that for σ = ∞. The 10%-90% rise time at d = 50 km is 5 µs for σ = 0.1 mS/m, while it is 1 µs for σ = ∞.
